a b s t r a c t N-methyl-D-aspartate receptors (NMDAR) are crucial for the function of excitatory neurotransmission and are present at the synapse and on the extrasynaptic membrane. The major nucleus of the basal ganglia, striatum, receives a large glutamatergic excitatory input carrying information about movements and associated sensory stimulation for its proper function. Such bombardment of glutamate synaptic release results in a large extracellular concentration of glutamate that can overcome the neuronal and glial uptake homeostatic systems therefore allowing the stimulation of extrasynaptic glutamate receptors. Here we have studied the participation of their extrasynaptic type in cortically evoked responses or in the presence of NMDARs stimulation. We report that extrasynaptic NMDAR blocker memantine, reduced in a dose-dependent manner cortically induced NMDA excitatory currents in striatal neurons (recorded in zero-Mg þþ plus DNQX 10 mM). Moreover, memantine (2e4 mM) significantly reduced the NMDAR-dependent membrane potential oscillations called up and down states. Recordings of neuronal striatal networks with a fluorescent calcium indicator or with multielectrode arrays (MEA) also showed that memantine reduced in a dose-dependent manner, NMDA-induced excitatory currents and network behavior. We used multielectrode arrays (MEA) to grow segregated cortical and striatal neurons. Once synaptic contacts were developed (>21DIV) recordings of extracellular activity confirmed the cortical drive of spontaneous synchronous discharges in both compartments. After severing connections between compartments, active striatal neurons in the presence of memantine (1 mM) and CNQX (10 mM) were predominantly fast spiking interneurons (FSI). The significance of extrasynaptic receptors in the regulation of striatal function and neuronal network activity is evident.
Introduction
Glutamic acid is the excitatory neurotransmitter released by cortical and thalamic afferents to striatum, the main nucleus of basal ganglia. Glutamate is the major contributor of striatal level of excitation at any given time. Cortical excitatory inputs impose on striatal neurons membrane potential oscillations with characteristic shifts between two levels of polarization called up and down states (Wilson and Kawaguchi, 1996; Stern et al., 1997) . When striatal neurons are recorded in awake or anaesthetized animals, they exhibit quiet and active phases of spontaneous action potential discharge. In animals trained to perform a task, striatal and cortical activity manifest an impressive temporal relationship (Brasted and Wise, 2004; Shi et al., 2004; Graybiel, 2005; Pasupathy and Miller, 2005; Wagenaar et al., 2005; Koralek et al., 2013) . If cortical input is interrupted in corticostriatal slices, striatal neurons become silent (Wilson, 1993) . Moreover, cultures of striatal neurons grown alone do not display spontaneous activity (Segal et al., 2003) .
A sustained cortical input (Herrling et al., 1983; Pomata et al., 2008) or glutamate NMDA receptor (NMDAR) stimulation leads to the typical up-state (Plotkin et al., 2011) . Bath application of NMDA in corticostriatal slices elicits recurrent up-states mainly blocked by specific NMDA receptor antagonists and L-type calcium channel blockade (Vergara et al., 2003) . Considering the magnitude of cortical input, a large extracellular concentration of glutamate could not only stimulate synaptic receptors but spillover to activate extrasynaptic glutamate receptors and participate in striatal excitability regulatory mechanisms (Zoli and Agnati, 1996; Scanziani et al., 1997; Bergles et al., 1999) .
Memantine is a noncompetitive, open channel blocker of NMDAR with a wide range of therapeutic applications approved by the European Committee of Proprietary Medicine Products and in the USA by the FDA for the treatment of moderately severe Alzheimer's disease (for a review see Lipton, 2006) . NMDAR subunit composition categorizes NR2A-containing receptors as synaptic and NR2B-containing receptors as extrasynaptic although the consensus leans towards a different ratio of subunits (Thomas et al., 2006) . The two classes of NMDAR can be pharmacologically manipulated in many cells including striatal neurons (Levine et al., 2010; Milnerwood et al., 2010; Kaufman et al., 2012) .
In the present work combining whole cell patch recordings and calcium imaging of corticostriatal slices and extracellular MEA recordings of cell cultures, we confirmed the presence of synaptic and extrasynaptic receptors with the use of memantine. By preferentially blocking extrasynaptic receptors we also demonstrated a reduction in NMDA-induced up-states and overall striatal activity and network dynamics. Allowing cortical and striatal neurons segregated in different compartments, to extend synaptic connections over multielectrode arrays confirmed previous findings of spontaneous cortical synchronous discharges (Mao et al., 2001; Beggs and Plenz, 2003; Honey et al., 2007) . Moreover, spontaneous cortical discharges promoted striatal synchronous activity that mainly disappeared in striatal but not in cortical compartment, after connections between them were severed. Unmasking fast spiking interneurons (FSI) by blockade of non-NMDA and extrasynaptic NMDAR (memantine plus CNQX) was an unexpected finding with functional implications for further research.
Methods
All our experimental procedures complied with the guiding policies and principles for experimental procedures endorsed by the government of Japan and supervised by the local Animal Care and Use Committee.
Slice preparation
Corticostriatal slices (200e250 mm) for whole cell patch recordings and calcium imaging were obtained from locally inbred Swiss Webster bacterial artificial chromosome (BAC) transgenic mice D1-eGFP and D2-eGFP (21e25 days old).
Animals were anesthetized via isofluorane, USP (IsoFlo, Abbott laboratories, IL) inhalation and perfused transcardially using cold saline containing (in mM): 124 choline chloride, 2.5 KCl, 1 MgCl 2 , 20 HEPES, 1.2 NaH 2 PO 4 eH 2 O, 2 CaCl 2 , 1 ascorbic acid, 3 pyruvate and 10 glucose saturated with 95% O 2 and 5% CO 2 , pH ¼ 7.4, 298 mOsm/L. In some occasions animals were perfused transcardially using cold saline containing (in mM): 225 sucrose, 2.5 KCl, 7 MgCl 2 , 0.5 CaCl 2 , 28 NaHCO 3 , 10 glucose, 1 ascorbic acid and 3 pyruvate (pH 7.4 with NaOH; saturated with 95% O 2 /5% CO 2 ). Different types of perfusion made no difference on recorded neuronal activity (Fig. 3S) .
Parahorizontal slices were cut and transferred to regular artificial cerebral spinal fluid (aCSF) containing the following in mM: 136 NaCl, 3.5 KCl, 1 MgCl 2 , 1 CaCl 2 , 26 NaHCO 3 and 11 glucose saturated with 95% O 2 and 5% CO 2 , where they remained for at least one hour before recording at room temperature (21e25 C). Recordings were also performed at that temperature and the flow of aCSF was 5 ml/min.
Whole cell patch recordings
Whole cell patch-clamp recordings of striatal neurons were performed with borosilicate glass micropipettes heat polished to obtain direct current resistances of 4e6 MU. Micropipettes were filled with an internal solution containing in mM: 115 KH 2 PO 4 , 2 MgCl 2 , 10 HEPES, 0.5 EGTA, 0.2 Na 2 ATP, and 0.2 Na 3 GTP. For simultaneous calcium imaging and electrophysiological experiments fluo-4 pentapotassium salt (10e20 mM, Molecular Probes, Invitrogen) was added to the internal solution.
Recordings were made with a microelectrode amplifier with bridge and voltage clamp modes of operation (BVC-700A, Dagan Co, Minneapolis, MN). Conventional characterization of neurons was made in voltage and current clamp configurations. Access resistances were continuously monitored and experiments with changes over 20% were aborted. Software designed in LabVIEW environment was used for data acquisition and analyses were performed using Origin (version 8.6, Microcal, Northampton, MA) .
To elicit synaptic potentials, field stimulation of corticostriatal axons was performed with a pencil bipolar concentric tungsten electrode (12.5 mm at the tip; 50 ± 8 kU, National Instruments, Texas). Stimulation parameters were controlled with a computer interface and isolation units (Digitimer Ltd., Hertfordshire UK). Typically once the recorded signal amplitude was stabilized, data were collected for any given condition (25e30 traces/5 min).
Calcium imaging with single-cell resolution
Corticostriatal slices were incubated in the dark at 38 C for 20 min with fluo 5-AM 8 mM (Invitrogen Life Sciences, Carlsbad, CA) plus 0.1% dimethylsulphoxide at pH equilibrated with 95% O 2 and 5% CO 2 . Once loaded with calcium dye, slices were transferred to the recording chamber on the stage of an upright microscope (Olympus BX51WI, Olympus, Tokyo, Japan) equipped with Â10 water-immersion objective (Olympus 0.3 NA). Slices received a constant flow of aCSF. After experimental procedures were concluded potassium depolarization (mM): 50 KCl, 120 NaCl, 10 HEPES-Na and 2 CaCl 2 pH 7.4 was applied for 5s to identify all active cells.
Fluorescence was induced with excitation pulses (80 ms exposure; 60% intensity) delivered at 488 nm with a light emitting diode (LED, Brain Vision LLC, NC, USA) attached directly to microscope's stage. An Olympus BP530e550 fluorescence filter set provided the excitation and emission wavelengths.
Images were acquired with a CMOS camera (pco.edge 5.5 Nikon, Kelheim, Germany) under protocols written in Cam Ware software 3.09. For 1e2 h short movies (180 s, 50e100 ms exposure and 250e500 ms/frame) were taken at time intervals of 5e20 min to avoid photobleaching. Image analyses were performed offline. Movie frames were inspected one by one to remove artifacts and slow calcium transients that most likely resulted from glial cells (Carrillo-Reid et al., 2009; Jaidar et al., 2010; Lopez-Huerta et al., 2013) . To obtain data of neuronal activity we followed methods already described (Carrillo-Reid et al., 2008; Jaidar et al., 2010) . Briefly, using Image J (v.1.45s, National Institutes of Health), MATLAB (Math-Works, Inc., Natick, MA) and custom made programs written in IDL and Matlab we analyzed each movie frame of fluorescent fluo-loaded neurons contained in the field of view (960 Â 830 mm). As illustrated in Fig. 1S , neurons were identified, their contours defined and the mean fluorescence measured as a function of time.
Changes in fluorescence (calcium-signals) were computed as (F i À F o )/F o , where F i ¼ fluorescence intensity and F o ¼ resting fluorescence i.e., average fluorescence of the first 4 frames of the movie. The calcium signals elicited by action potentials were detected based on a threshold value given by their first derivative over time (2.5 Â standard deviation of the noise value). The statistically significant (p < 0.01) co-activation of neurons above a random level (see Section 2.7) was calculated and identified thereafter as "synchrony peaks", Fig. 1S .
Representation of multidimensional datasets in time
To further carry on the analysis of individual striatal fluorescent neurons loaded with the calcium reporter (Fig. 1S) , we calculated the similarity index between pairs of vectors defined by their normalized dot product (Schreiber et al., 2003; Sasaki et al., 2007; Carrillo-Reid et al., 2008 , 2009 . If two population vectors in a 'n' dimensional space point in the same direction, the similarity index equals 1. The visualization of angles between all possible vector pairs represents a multidimensional reduction from 'n' dimensions mapped into a three dimensional space, where the first two dimensions denote significant vectors as a function of time and the third dimension indicates the angle between them. With this approach we considered the number of active cells as dimensions of vectors with similarity maps reflecting temporal patterns (Sasaki et al., 2007; Carrillo-Reid et al., 2008 , 2009 . Recurrent patterns can be identified by vectors pointing in quasi-parallel directions denoted by defined structures in the similarity maps (Victor and Purpura, 1996; Levy et al., 2001; Schreiber et al., 2003; Morelli et al., 2006; Kreuz et al., 2007; Tiesinga et al., 2008) .
To detect different network states from multidimensional datasets, we used term frequency-inverse document frequency numerical statistic (tf-idf). Defined structures in similarity maps (independent of the distance function chosen) have been widely used to detect recurrent patterns (Victor and Purpura, 1996; Levy et al., 2001; Schreiber et al., 2003; Morelli et al., 2006; Kreuz et al., 2007; Tiesinga et al., 2008) . To find significant patterns of activity in similarity maps we computed the Hamming distance (Hamming, 1950) for each pair of columns formed by the normalized dot product of all possible vector pairs and obtained a new matrix TÂT. This matrix depicted significant network temporal patterns where T is the number of significant vectors. This operation preserved groups of vectors that point in quasiparallel directions defined as groups of neurons with synchronous, recurrent and alternate activity (Hebb, 1949; Carrillo-Reid et al., 2008 , 2009 . We obtained the eigenvalues and eigenvectors of the matrix of significant patterns. The largest eigenvalues and eigenvectors from this matrix represented in our case, linear independent vectors denoting network states (for a review of basic concepts in linear algebra, see Strang (2009) ). Similar approaches such as Locally Linear Embedding (LLE) and clustering analysis (Roweis and Saul, 2000; Brown et al., 2005; CarrilloReid et al., 2008 CarrilloReid et al., , 2011 ) yield similar results. However, we avoid iterations in choosing number of groups that better fit the experimental results.
Neuronal cultures
Electrophysiological recordings were also performed in cortical and striatal neurons grown in culture in two separate compartments. This provided the advantage, not so easily attainable in slices, of studying striatal neuronal activity in the presence and absence of cortical input.
Sterile multielectrode arrays (MEA, Multichannel systems Germany) made hydrophilic with plasma O 2 pretreatment (Hitachi HighTech Instruments Co. ltd. Japan), were pretreated with 10 mg/ml poly-L-lysine (SigmaeAldrich) overnight.
Cryopreserved (QBM) mice neurons (E14e15) from cortex or striatum were plated in one part of a two-compartment culture insert (Ibidi, Germany) Fig. 2S . For optimal cell survival and activity, cell densities were 2000e5000 cells/mm 2 for cortical neurons and 7500 cells/mm 2 for striatal neurons. After a period of 12e18 h of cell attachment the insert was removed to allow cells to grow connections along the 200e300 mm space between compartments. For the first 12e18 h in culture, NbActiv4 medium (Brain Bits Illinois) was supplemented with 5% heat-inactivated horse serum (SigmaeAldrich) and maintained in a CO 2 humidified incubator (Sanyo, Osaka Japan) at 37 C. Culture medium was exchanged with fresh serum-free medium with 1% penicillin/streptomycin (Invitrogen) when the compartment was removed and thereafter half of the medium was exchanged twice a week. MEA's were sealed with a MEA-MEM cover of a teflon polymer permeable to gases but not water (Multichannel systems, Germany).
Multielectrode array (MEA) recordings
Recordings of spontaneous network activity patterns started at 21 days-in vitro. High temporal resolution recordings were performed with MEA (60MEA200/30iR-Ti-gr) equipped with a grid of 59 recording electrodes of 30 mm in diameter and spaced 200 mm from each other.
Neurons were recorded in NbActiv4 medium (Brain Bits) at 37 C inside a biosafety cabinet under constant local flow of carbogen (5%CO 2 e95%O 2 ). Once the MEA was transferred from incubator to recording chamber, 3e5 min were allowed for neuronal activity to stabilize. Extracellular multiunit activity was recorded and stored in blocks of 300s for further analyses.
The MEA was connected to a 64-channel data acquisition and analog-digital converter (1060, USB-ME64) and a computer that run MC-rack and MC_DataTool software (MultiChannel Systems, Germany). Further off-line analyses were performed either using the provided software or with SPANNER XBD (version 3.5.1, Result GmBH, Tonisvorst, Germany).
Drugs
The following drugs were obtained from SigmaeAldrich: N-Methyl-D-aspartic acid (NMDA), DL-2-Amino-5-phosphonopentanoic acid (APV, synaptic NMDAR antagonist), memantine hydrochloride (extrasynaptic NMDAR blocker), 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) and 6,7-dinitroquinoxaline-2,3(1H, 4H)-dione (DNQX) (AMPA/kainate receptor antagonists).
Recurrent up-states are expected following continuous bath application of NMDA. Typically we waited 20 min to start recoding. Once initiated, recurrent upstates persist unless another experimental treatment alters them. We have recorded neurons under the influence of NMDA for hours. In order to preserve cortical input and enhance survival of corticostriatal slices we regularly sectioned tissue in a parahorizontal direction (Kawaguchi et al., 1989) and used potassium and calcium concentrations that more closely resemble those in vivo (Sanchez-Vives et al., 2000) .
Statistical analyses
The statistical network analyses of Figs. 1S and 3 have been previously described (Carrillo-Reid et al., 2008 , 2009 Lopez-Huerta et al., 2013) . Briefly, to determine if calcium transients were significantly correlated Monte Carlo simulations with 1000 replications were computed (Mao et al., 2001 ). The Jaccard index was used to obtain the correlation among active cells in different experimental conditions. Spatial correlation maps with lines of proportional thickness according to the correlation coefficient were drawn. Distribution-free or other tests to find statistical significance were performed using commercial software Origin (version 8.6, Microcal, Northampton, MA) or Prism (version 6.0d, GraphPad Software, Inc., La Jolla, CA).
To measure the decay time of normalized EPSC's induced by one pulse, a double exponential of the form y ¼ y 0 þ A 1 e Àx=t1 þ A 2 e Àx=t2 was fitted. For trains of 4 pulses at 20 Hz we measured the area under the curve (Fig. 1D) . All data is expressed in mean ± SD unless otherwise specified.
Results
Our electrophysiological and optical imaging results indicate the presence of synaptic and extrasynaptic NMDA receptors in striatal neurons.
3.1. Extrasynaptic NMDA receptor contribution to excitatory currents and NMDA-induced membrane potential shifts Memantine ( 4 mM) preferentially blocks extrasynaptic NMDAR activity without disrupting synaptic function (Chen et al., 1992 (Chen et al., , 1998 Papadia et al., 2008; Okamoto et al., 2009; Xia et al., 2010) . To verify the presence of synaptic and extrasynaptic NMDA receptors we first induced cortically mediated depolarizing currents in striatal neurons. To isolate NMDA EPSC's non-NMDA receptors were blocked with DNQX (10 mM), recordings were made in Mg þþ free medium and voltage held at À70 mV (Cl À equilibrium potential).
NMDAR antagonist APV (50 mM) blocked NMDA-evoked EPSC ( Fig. 1A and B) , and extrasynaptic NMDAR blocker memantine, produced a dose-dependent reduction (1, 2, 4, 10 mM, N ¼ 5) in the amplitude of NMDA-evoked EPSC (Fig. 1C) , thus the involvement of extrasynaptic receptors in the NMDA mediated current was corroborated (Chen et al., 1992) . To address if extrasynaptic receptors shaped NMDA-EPSC kinetics, a double exponential was fitted to the normalized EPSC at different doses. Memantine (2e4 mM) reduced the decay time of cortically-evoked EPSC by an average of 25 ± 5%, from 202 ± 103 ms before to 140 ± 52 ms after memantine (n ¼ 5) (Fig. 1D) . To further test the importance of extrasynaptic NMDA receptors in the corticostriatal response, we delivered a train of 4 stimuli at 20 Hz to induce a sustained activation. In this case, memantine 2 mM produced a 29 ± 6% reduction in sustained activation as shown by the decrease in area of response (n ¼ 4, Figs. 1D and 2) . These results strongly indicate that addition of memantine blocked extrasynaptic NMDAR with little effect on synaptic ones.
As indicated in the introduction, a sustained cortical activation (Herrling et al., 1983) or persistent activation of NMDAR of corticostriatal neurons induces repetitive depolarizing up-states (Vergara et al., 2003) . In our hands, addition of NMDA 5 mM for 20 min also increased the frequency of depolarizing events and more importantly, blockade of extrasynaptic receptors (memantine 2 mM) reduced their frequency and number of action potentials (n ¼ 4) (Fig. 2). 3.2. Extrasynaptic NMDA receptor contribution to striatal network activity 3.2.1. Functional multi-cell imaging of calcium transients 3.2.1.1. Active neurons and synchrony peaks. As described in methods (Section 2.3), imaging fluorescent calcium signals depicts striatal neuronal activity produced by persistent NMDAR activation. As seen in Fig. 1S , cells and their calcium transients can be individually identified and isolated to construct binary arrays. The number of active neurons and synchrony peaks were determined from 180s movies; active neurons were counted in the 180s and synchrony peaks in 360s. The sequence of experimental steps was: control recording followed by addition of NMDA (5e8 mM, 20 min), subsequent administration of memantine (2e4 mM) and finished by addition of APV (50 mM) (n ¼ 10). Drugs remained in the bath until the end of the experiment. Fig. 3A illustrates a typical experiment with a statistically significant (p < 0.01) increase in striatal network activity in the presence of NMDA (71 ± 20 active neurons and 11 ± 4 synchrony peaks) compared to control conditions (30 ± 7 active neurons and 3 ± 3 synchrony peaks) (Fig. 3C ). More importantly, preferential blockade of extrasynaptic NMDA receptors reduced overall striatal activity (from 71 ± 20 to 53 ± 15 active neurons) and reduced the number of synchrony peaks (from 11 ± 4 to 3 ± 3). As expected, addition of APV (50 mM) blocked synaptic receptors and produced a further decrease from 53 ± 15 in memantine to 29 ± 4 in active neurons.
3.2.1.2. Spatial similarity map and cross correlation matrix. To further study the effect of memantine in the whole neuronal network (Fig. 3A) , a spatial similarity map of pairs of neurons exhibiting statistically significant correlated activity (P < 0.05) was used (Volman et al., 2005) . Similarity maps for the whole population of cells (Fig. 4S) show that the distribution of neurons firing together in the presence of NMDA is wider than in the presence of memantine. Maps are made of lines that vary in number and thickness; number denotes frequency of active pairs and thickness degree of correlation. Close-up inspection of maps (Fig. 4S ) reveals different sets of numbers and thickness in the presence of NMDA and memantine. Fig. 3B and D displays a large reduction in the Fig. 2 . Extrasynaptic receptors contributed to NMDA-induced membrane potential oscillations. A, Current-clamp recordings of a striatal neuron during aCSF infusion (black control) were followed by an infusion of NMDA (red) for 20 min followed by memantine (blue). B, Group analysis shows (red) NMDA-induced activity in vitro resembling up-states present during animal movement (blue) significant reduction of activity following blockade of extrasynaptic NMDAR with memantine. number of active network neurons following blockade of synaptic NMDAR. The effects of NMDA and memantine in network activity are perhaps best appreciated in the lognormal distribution of Jaccard similarity index against number of active neurons for all experiments performed. A significant drop in correlated pairs can be ascertained after addition of memantine. Considering the number of active neurons the drop was bigger than expected, while the number of active neurons decreased by 26%, occurrence of correlated pairs decreased by 52% (from 1789 to 861 neurons) ( Fig. 3D ; n ¼ 24).
Network activity patterns
With the methods described in Section 2.4 we converted the number of active cells seen in Fig. 4A to dimensions of vectors with similarity maps reflecting temporal patterns. This analysis exposed neuronal groups that often fired together and alternated activity (Fig. 4B) . Each synchrony peak was represented by a multidimensional vector and compared with others in different experimental conditions. Vectors with high similarity (neurons with coordinated activity) formed related structures noticeable in the pseudocolor map of the normalized inner product (Fig. 4B) . Linear algebra techniques allowed identification of network states under different pharmacological conditions (Fig. 4C) .
High temporal resolution MEA recordings
MEA allow long-term, non-invasive, simultaneous recordings of extracellular activity (Wagenaar et al., 2006; Bologna et al., 2010) . Fig. 5 illustrates a typical MEA recording experiment displayed as a Fig. 3 . Blockade of extrasynaptic NMDA receptors by memantine reduced overall striatal activity. A, raster plots and histograms of recorded fluorescent activity of a typical experiment analyzed as described in Fig. 1S . A, Recording of control resting network activity was followed by NMDA (8 mM) that remained present for the rest of the experiment as indicated by color bar. To the medium with NMDA, memantine 2 mM was added followed at the end by APV 50 mM. B, Jaccard index matrices to illustrate the decrease in correlated activity in the presence of memantine (middle) raster plot of active electrodes containing cortical (red) or striatal (blue) neurons. The sequence of experimental steps was: control recording followed by addition of NMDA (250e500 nM), severing connections between compartments and subsequent administration of memantine (0.5e1 mM) plus non-NMDA receptor blocker CNQX (10 mM) (N ¼ 10). The effect of APV (40 mM) was studied in 5/ 10 experiments. Medium was not substituted during the different procedures and 3e5 min elapsed between different treatments and MEA recordings. We had to reduce the dose of NMDA by a factor of 10 (from 5 mM to 500 nM) in order to keep cultured striatal neurons alive and active. NMDA at >500 nM for 10e15 min eliminated spontaneous activity that did not recover after washouts. Similarly doses of memantine had to be reduced for striatal neurons in culture (Fig. 5S) . Dose divergence between cultures and slices could be due to differences in exposure of membrane surface, mobility of receptors or development (Harris and Pettit, 2007; Kohr, 2007) . There might also be a different receptor subunit combination or number of a particular subunit for cortical and striatal receptors (Traynelis et al., 2010; Kaufman et al., 2012) .
As seen in Table 1 and Fig. 5 sustained NMDAR stimulation (500 nM/12e15 min) increased culture activity and elicited recurrent burst activity. After severing connections between compartments reduction in activity was more pronounced in striatal than cortical compartment. Additional blockade of non-NMDA receptors and extrasynaptic receptors reduced activity even further (Fig. 5A  and C) .
Blockade of AMPA/kainate and extrasynaptic NMDAR reveals fast spiking interneurons
Comparison of MEA activity between compartments revealed that the cortical area had more active electrodes than striatal compartment in all the experimental situations but significantly less after the cut. Not only were striatal neurons characteristically more silent but also more neurons had to be plated to ensure survival (see Section 2.4). Fig. 6B illustrates the difference between the number of active electrodes for cortical and striatal compartments (20 ± 4 electrodes) in the cortical compared to striatal compartment (10 ± 2) (n ¼ 10 MEA recordings). It was noted that after the cut the fewer electrodes remaining active in the striatal compartment displayed a regular firing pattern. To accurately illustrate this point across experimental conditions a column of MEA electrodes, with three active in the cortical and only one in striatal compartment was selected (Fig. 6A ). Fig. 6C shows two active cells recorded in the example provided. Overall, remaining striatal active electrodes in the group were recording a median of 3 neurons (2.66 ± 1.03 n ¼ 8 electrodes). Nine of a total of 16 neurons isolated from those active striatal electrodes had an average firing rate of 5 ± 4 spikes/s and valley and peak durations of 92 ± 18 ms and 375 ± 114 ms respectively (Fig. 6D) , indicative of fast-spiking interneurons (Berke, 2008) . A larger sample will be required to categorize all remaining active neurons. Fig. 4 . Striatal network dynamics change after extrasynaptic NMDAR blockade. A, raster plot of active cells and histogram of coactive cells as described in Fig. 1S of a typical striatal network activity experiment. The dashed line in the histogram indicates the threshold used to select synchrony peaks with low probability (P < 0.01) of random origin. B, similarity maps of vectors representing network activity as a function of time. C, representation of significant patterns or network states defined by the largest eigenvalues and eigenvectors given by tf-idf matrix. Neurons participating in synchrony peaks changed between conditions with NMDA (activation of synaptic and extrasynaptic receptors) and NMDA plus memantine (preferential activation of synaptic receptors). Extrasynaptic NMDARs boost coincidence detection allowing more network synchronization.
Discussion

Shifts of neuronal membrane potential states in striatum
Here we report that striatal extrasynaptic NMDARs contribute to the induction of typical neuronal up and down states. Blockade of depolarizing currents carried by extrasynaptic NMDA receptors (Fig. 1) significantly decreased the characteristic shift between two preferred up and down membrane potential states. Blocked extrasynaptic NMDARs left neurons in a prolonged down state (Fig. 2) . These results are consistent with evidence of striatal up state induction requiring an outpouring of glutamate to produce the necessary large voltage and current fluctuations (Blackwell et al., 2003; Sargent et al., 2005) . The location of extrasynaptic receptors in dendrites and dendritic spines at different distances from the synaptic active zone indicate that they can detect glutamate spillover (Petralia et al., 2010) . Consistent with this observation activation of clustered inputs produces extrasynaptic-dependent NMDA amplification of depolarizing and calcium spikes in dendritic spines, enhance synaptic NMDA responses along the dendrite (Antic et al., 2010; Chalifoux and Carter, 2011; Oikonomou et al., 2012) . Stimulation of cortical afferents at subthreshold potentials seemed to release enough glutamate to spillover and activate extrasynaptic receptors (Fig. 1D) . Plateau potentials induced by exclusive activation of extrasynaptic NMDAR have also been reported. Our recordings show currents with a bi-exponential decay time with a slow component ranging 202 ± 103 ms similar as that reported on transfected cells with enriched NR2B subunit receptors (Vicini et al., 1998) . When we applied memantine at low concentrations we observed a reduction of 25 ± 5% in the slow exponential component that is close to the 33 ± 8.5% reported as due to extrasynaptic receptor blockade by Harris and Pettit (2008) in hippocampal slices. (500 nM) was best observed and recorded 12e15 min after continuous delivery of NMDA. The effect of memantine (1 mM) in the presence of NMDA and CNQX (10 mM) was recorded following a knife cut of connections between compartments. AP-5 (40 mM) eliminated activity in both compartments (data not shown). B, Photomicrograph of neurons plated over MEA with electrode activity superimposed. Neurons were segregated in two compartments after connections were severed. Axis: 10 mV, 1s. C, Before and after plots of bursts/min for each condition with means depicted as rectangles. Differences between the groups were statistically significant (p < 0.0001 repeated measures one-way Anova). Persistent NMDA stimulation in spite of a presumably magnesium blockade (magnesium present in medium) generates a prolonged NMDAR-dependent depolarization only blocked by a glycine-binding site antagonist 5,7-dCK (5,7-dichloro-4-hydroxyquinoline-2-carboxylic acid) (Suzuki et al., 2008) . Recently, this same group has reported that NMDA induces a secondary mechanism that increases intracellular calcium through a voltage-gated calcium channel blocked by 5,7-dCK (Oda et al., 2014) . It is tempting to suggest that the maintenance of NMDAinduced plateau potentials in the presence of competitive AMPA/ kainate receptor antagonists (e.g., Vergara et al. (2003) ) could occur by elevating intracellular calcium by this secondary voltage-gated calcium entrance. While glycine seems to be the endogenous coagonist of extrasynaptic NMDAR it has been shown that D-serine is the coagonist of NMDAR (Papouin et al., 2012) .
Striatal network activity
We observed that activation of extrasynaptic NMDARs enhanced striatal correlated network activity and increased dispersion of correlated pairs of neurons in the network (Fig. 3) . These results are consistent with increases in extrasynaptic interactions and promotion of network synchrony observed following spillover of glutamate (Mitchell et al., 2007; Harris and Pettit, 2008; Hires et al., 2008; Chalifoux and Carter, 2011) . By blocking extrasynaptic NMDAR we could evaluate effects of synaptic NMDAR activation on neuronal activity and network patterns (Figs. 3 and 4) . Neurons participating in synchrony peaks changed between conditions with NMDA (activation of synaptic and extrasynaptic receptors) and NMDA plus memantine (preferential activation of synaptic receptors). This change in neuronal groups indicates a flexible and dynamic network. Extrasynaptic NMDARs boost coincidence detection allowing more network synchronization.
When we studied cortical and striatal neuron in culture, memantine administration was also disruptive on overall synchronized culture activity (Figs. 5 and 6 ). It has been reported that acute cortical lesions abolish slow striatal oscillations although stimulation of cut axons can still evoke monosynaptic responses (Wilson, 1986) . Striatal neurons require cortical input for their survival and development (Segal et al., 2003) . After severing cortical axons persistent NMDAR stimulation was not sufficient to induce significant striatal neuronal activation although the cortical compartment remained spontaneously active in the presence of NMDA and NMDA plus memantine. These results suggest that the mechanisms involved in the generation of cortical bursting network activity may not be the same for striatal neurons. In spite of a strong glutamatergic influence cortical oscillations have an important gabaergic contribution and pacemaker sodium-dependent activity (Mao et al., 2001; Yuste et al., 2005; Waters and Helmchen, 2006) .
Fast spiking interneurons
Interneurons have an important role in striatal function since they are activated by microstimulation of sensorimotor cortex with "exquisite sensitivity" (Parthasarathy and Graybiel, 1997) . FSIs are GABAergic, express calcium-binding protein parvalbumin, represent 0.7% of the total number of striatal neurons and inhibit SPNs (Koos and Tepper, 1999; Luk and Sadikot, 2001) . Their participation in neuronal network activity is stressed by their firing properties (Bracci et al., 2003) .
We have previously demonstrated that all types of striatal interneurons are present in our cultures (Schock et al., 2010) . Here we report that it is easier to detect FSI in the isolated striatal compartment after blockade of AMPA and extrasynaptic NMDA receptors (memantine plus CNQX). These results are consistent with Bracci et al. (2003) findings of subthreshold membrane oscillations in striatal FSI that lead to bursts of activity. These Fig. 5 . B, summary (N ¼ 10 MEA) of significantly different number of active electrodes between compartments. C, one electrode in the striatal compartment displayed a regular discharge (A bottom trace), spike shape analysis revealed that the regular activity was provided by two individual spikes (arrow) (green and yellow). D, Plot of spike characteristics and firing rate of 16 individual neurons (each neuron represented by a ball). Two groups of neurons were identified, one of which (cyan) has the signature of fast spiking interneurons (Berke, 2008). oscillations are resistant to blockade of AMPA (CNQX), NMDA (MK801) and GABA A (bicuculline) receptors or calcium channels (cadmium, nickel), but sensitive to TTX (Bracci et al., 2003) . Tonically firing cholinergic and low threshold (LT) interneurons also display persistent sodium currents with subthreshold oscillations (Beatty et al., 2012) . In summary these results and our findings suggest that by eliminating cortical inputs and blocking AMPA and extrasynaptic NMDA receptors it is possible to visualize activity of striatal interneurons.
Speculations
Research on the dual synaptic/extrasynaptic presence of NMDA receptors is consolidating the idea of two different pools of receptors with different coagonists and functions (Bordji et al., 2010; Papouin et al., 2012 ) that extends beyond neurotoxicity (Hardingham et al., 2002; Wroge et al., 2012) . Extrasynaptic NMDAR participate during development by their association with adhesion proteins in receptor supply, synaptogenesis and synapse elimination (Petralia et al., 2003 (Petralia et al., , 2005 Essmann et al., 2008) . These receptors also have important physiological functions in tripartite interactions between neurons and glia (Araque et al., 1999; Sykova, 2005; Goubard et al., 2011) . Extrasynaptic NMDAR activation by glutamate released from glia is a mechanism implicated in synchrony of neuronal groups that could account in part for our results (Angulo et al., 2004; Fellin et al., 2004; Carmignoto and Fellin, 2006) . Moreover, the participation of extrasynaptic NMDAR in neuronal synchrony demonstrated here suggests an important role for extrasynaptic receptors in the regulation of excitability and hence in network dynamics.
